Two new limonoids, 1-O-deacetyl-2α-methoxykhayanolide (1) and kigelianolide (2), together with deacetylkhayanolide E (3), 1-O-deacetyl-2α-hydroxykhayanolide E (4) and khayanolide B (5) were isolated from the ethyl acetate-soluble fraction of the methanolic extract of Kigelia africana. The structures of these limonoids (1-5) were elucidated by the combination of 1D ( 1 H and 13 C NMR) and 2D (HMQC, HMBC and COSY) NMR spectroscopy and mass spectrometry (EIMS, HREIMS), and in comparison with literature data of related compounds. The structure of compound 1 was further confirmed by X-ray crystallography, and the absolute stereochemistry of compounds 1 and 2 was determined by electronic circular dichroism (ECD) spectroscopy. Limonoids 1-5 showed weak inhibitory activities against the enzymes acetylcholinesterase (AChE), butyrycholinesterase (BChE) and lipoxygenase (LOX) in a concentration-dependent manner with IC 50 values in the ranges 137.5 -225.2 µ M for AChE, 185.4 -241.5 µ M for BChE and 281.2 -189.6 µ M for LOX.
Introduction
Kigelia africana belongs to the family Bignoniaceae, which is an African plant, commonly found in South, Central and West Africa [1] . Its crushed dried fruits are used in folk medicine as emollient, anti-eczema, anti-psoriasis and skin-firming agent and as dressing for ulcers and wounds. The root bark is used for the treatment of venereal disesases, haemorrhoids and rheumatism [2] . The naphthoquinones [3] in the roots and stem bark of K. africana possess anti-trypanosomal [4] and anti-microbial activities [5] and are cytotoxic against melanoma and renal carcinoma cells [6] . The aqueous extract of its leaves and fruits was found to have anti-diarrhoeal, antileprotic, anti-malarial, and anti-implantation activities [7] . The whole plant is accounted for its analgesic, anti-inflammatory, anti-molluscidal and antioxidative properties [8, 9] . The root bark is recommended for the treatment of various kinds of cancer [10] , gynecological problems and to cure rheumatism, dysentery, haemorrhages, diabetes, pneumonia, toothache, and veneral diseases [11] . A literature survey revealed that iridoids, naphthoquinones, monoterpenoidnaphthoquinones, isocoumarins, lignans, sterols, and flavonoids have been identified from the genus Kigelia [12] . Herein we report the isolation and structural elucidation of two new limonoids, namely 1-O-deacetyl-2α-methoxykhayanolide (1) and kigelianolide (2) , together with deacetylkhayanolide E (3) [13] , 1-O-deacetyl-2α-hydroxykhayanolide E (4) [14] , and khayanolide B (5) [15] ethyl acetate-soluble fraction of Kigelia africana (Fig. 1 ).
Results and Discussion
1-O-Deacetyl-2α-methoxykhayanolide E (1) was obtained as a crystalline solid. The IR spectrum showed the presence of O-H (3435 cm −1 ), C=O (1736, 1718 cm −1 ) and C=C (1615 cm −1 ) groups. Its molecular formula C 28 H 34 O 11 was deduced by HREIMS (m/z = 546.2110) with 12 double bond equivalents (DBE). The 1 H NMR spectrum of 1 (Table 1) showed three tertiary methyls at δ = 1.32, 1.07 and 1.01, two oxygenated methyls at δ = 3.71 and 3.48, (3H each, s), oxygenated methines at δ = 5.51 (1H, s) and 4.22 (1H, d, J = 8.4 Hz), various signals between δ = 0.94 -2.89 for cyclic methylenes and methines and a furan moiety at δ = 7.54, 7.49, 6.46 (1H each, s). The 13 C NMR spectrum of 1 (Table 1) [14] indicating that both compounds have the same carbon framework. The only difference lies in the increased molecular weight of 1 by 14 units which was attributed to the presence of a methoxy group in 1 instead of the hydroxy group in the reference compound 1-O-deacetyl-2α-hydroxykhayanolide E (4) with the molecular formula C 27 H 32 O 11 . The position of the methoxy group was confirmed at C-2 through an HMBC spectrum, in which the methoxy protons (δ = 3.48) showed a 3 J correlation with C-2 (δ = 101.9). The remaining sub- Table 1 . 1 H and 13 C NMR data, HMBC, and COSY correlations of 1 (CD 3 OD).
Fig. 2 (color online)
. ORTEP3 diagram of the molecular structure of 1 in the crystal and atom numbering scheme adopted. The interstitial water molecule was omitted for clarity.
stitution pattern was confirmed by the combination of HMQC, HMBC and COSY correlations. The structure was also confirmed by X-ray crystallography (Fig. 2) . The absolute configuration of 1 could be established by means of the so-called solid-state ECD/TDDFT method [16] . It consists of comparing the electronic circular dichroism (ECD) spectrum measured on a microcrystalline sample with that calculated by means of time-dependent density functional theory (TDDFT) [17] using the X-ray coordinates as input structure. This approach renders a full conformational analysis unnecessary [18] and is especially useful in assigning the absolute configuration of flexible natural products. In the case of compound 1, the rotation of the furan chromophore around the C17-C20 bond, which is expected to affect the ECD spectrum, is frozen in the crystals. In Fig. 3 (left) the experimental absorption and ECD spectra of (+)-1 measured in acetonitrile solution and in the solid state, as KCl pellet, are displayed. The solid-state spectrum shows a long-wavelength cut-off because of the strong furan absorption. However, the positive ECD band around 305 nm is consistently found both in solution and in the solid state. In Fig. 3 (right) the calculated spectra are shown, employing the TDDFT method at the CAM-B3LYP/TZVP level (other functional/basis set Fig. 3 . Experimental (a, left) and calculated (b, right) absorption (top) and ECD spectra (bottom) of (+)-(1S,2R, 4R,5R,6S,8S,9R,10S,13S,14R,17S,30S)-1-O-deacetyl-2-α-methoxykhayanolide E (1). Solution spectra measured on a 3.0 mM sample using 0.05 cm and 1 cm (expansions) cells. Calculated spectra obtained by CAM-B3LYP/TZVP calculations on the X-ray input geometries after application of a band-shape with 0.4 eV exponential half width, red-shifted by 10 nm.
combinations gave consistent results). The X-ray geometry was used as input structure with an initially arbitrary (1S,2R,4R,5R,6S,8S,9R,10S,13S,14R,17S,30S) configuration, after optimization of hydrogen atoms only (see Experimental Section). The calculated ECD spectrum nicely reproduces the experimental one; in particular, the band calculated at 302 nm has a positive sign for the above configuration. This band is associated with an n-π * transition mainly localized on the C3 carbonyl group, which is quite distant from the furan and depends only on the rigid ring system. Based on the above discussion, the compound was assigned the structure (1S,2R,4R,5R,6S,8S,9R,10S,13S,14R,17S,30S)-1 and named 1-O-deacetyl-2α-methoxykhayanolide E. The assigned absolute configuration corresponds to [20] . The IR spectrum of compound 2 was similar to that of 1. The molecular formula C 27 H 36 O 10 was established by HREIMS which showed a molecular ion peak [M] + at m/z = 518.2315. The 1 H NMR spectrum of 2 ( Table 2 ) was also similar to that of 1 except for the missing methoxy signal at δ = 3.48. Additionally, it displayed two oxygenated methines at δ = 4.47 (1H, dd, J = 9.5, 6.5 Hz) and 3.37 (1H, d, J = 6.5 Hz) which were correlated in the COSY spectrum as being vicinal to each other. The 13 C NMR spectrum of 2 (Table 2 ) showed a total of 27 carbon signals with the two oxymethines at δ = 80.1 and 73.9. The above spectroscopic data showed close resemblance with that reported for khayanolide B [15] . The upfield shift of C-14 (δ = 79.3) and the downfield shift of C-8 (δ = 88.3) gave a clue about the cleavage of a bond between C-2 and C-14 with the formation of a new four-membered ring between C-2 and C-8 which was confirmed by HMBC correlations in which the CH 3 -18 (δ = 1.09) showed a correlation with C-14 (δ = 79.3). Based on these evidences the compound was assigned the structure of 2 and named kigelianolide. The absolute configuration of (-)-2 is assumed to be that shown in Fig. 1 , corresponding to its analogs 1 and 3, based on the isolation from the same source and on biogenetic considerations.
Limonoides are nor-triterpenes mostly found in the Meliaceae, Rutaceae, Cneoraceae and Simaroubaceae plant families. This class of compounds exhibits a range of biological activities including insecticidal, insect antifeedant, antibacterial, antifungal, antimalarial, anticancer, and antiviral activities on humans [21] . Several Citrus limonoids may provide substantial anticancer actions [22] . This class of compounds is receiving much attention towards their unusual structure and diverse biological activities.
Compounds 1-5 were evaluated for their enzyme inhibitory potential against enzymes AChE, BChE and LOX using eserine and baicalein (Aldrich, Seelze, Germany) as positive controls. The results (Table 3) showed that the compounds were inhibitors of the used enzymes.
Experimental Section

General experimental procedures
Optical rotations were measured on a Jasco DIP-360 polarimeter. UV spectra were obtained in methanol on a U-3200 Schimadzu UV-240 spectrophotometer. Infrared (IR) spectra were recorded on a Shimadzu 460 spectrometer. 1 H (400, 500 MHz), 13 C NMR (100, 125 MHz) and 2D NMR (HMQC, HMBC and COSY; 400, 500 MHz) spectra were recorded on a Bruker spectrometer. The chemical shift values (δ ) are reported in ppm, and the coupling constants (J) are in Hz. EIMS and HREIMS were recorded on a Finnigan (Varian MAT) JMS H × 110 instrument with a data system and a JMSA 500 mass spectrometer, respectively. Chromatographic separations were carried out using aluminum sheets pre-coated with silica gel 60 F 254 (20 × 20 cm, 0.2 mm thick; E. Merck) for thin layer chromatography (TLC) and silica gel (230 -400 mesh) for column chromatography. TLC plates were visualized under UV at 254 and 366 nm and by spraying with ceric sulfate solution and heating.
ECD spectra were recorded with a Jasco J-715 spectropolarimeter under the following conditions: scanning speed, 100 nm min −1 ; time constant, 1 s; band width, 2 nm; 8 accumulations. Solid-state ECD spectra were obtained using the KCl pellet technique [16] using ca. 100 µg of compound and ca. 200 mg of oven-dried KCl. Rotation-dependent artifacts were checked by recording the spectrum upon four rotations of 90 • of the disc around the light direction and vertical flip, which resulted in nearly identical ECD curves.
Plant material
Kigelia africana Benth was collected from Lal Sohanra (District Bahawalpur) in September 2010 and was identified by Dr. Muhammad Arshad (late), Plant Taxonomist, Cholistan Institute for Desert Studies (CIDS), The Islamia University of Bahawalpur, Pakistan, where a voucher specimen is deposited (KA/CIDS-404/10).
Extraction and isolation
The shade-dried powdered plant material of Kigelia africana was extracted thrice in methanol at room temperature. The crude methanolic extract was further divided into n-hexane-, and ethyl acetate/water-soluble fractions. The ethyl acetate-soluble fraction was subjected to column chromatography over silica gel using n-hexane/EtOAc, EtOAc, EtOAc/MeOH, and MeOH as eluents resulting in six fractions E 1 -E 6 . Fraction E 2 on gradient elution using 40 % EtOAc in n-hexane to obtain deacetylkhayanolide E (3) and 45 % EtOAc in n-hexane to purify 1-Odeacetyl-2α-methoxykhayanolide (1). Fraction E 3 on gradient elusion using 50 % EtOAc in n-hexane provided 1-Odeacetyl-2α-hydroxykhayanolide E (4), 55 % EtOAc in nhexane provided 1-O-deacetyl-2α-methoxykhayanolide (1) and khayanolide B (5), respectively.
1-O-Deacetyl-2-α-methoxykhayanolide E (1)
Colorless crystalline solid (48 mg Table 4 . Selected geometric parameters in the molecular structure of 1·1H 2 O (Å, deg).
Crystal structure determination of 1·1H 2 O
A colorless needle-shaped single crystal of 1 was grown in acetone by slow evaporation over a period of three days. It was found to cyrstallize with one interstitial water molecule. The relative structure of the molecule was confirmed by single-crystal X-ray diffraction (Fig. 2) . Due to the absence of strong anomalous scatterers in the molecule, the Flack x parameter was not reliable enough to ascertain the absolute configuration. Hence electronic circular dichroism (ECD) spectroscopy was exploited to determine the absolute configuration. Table 4 . Hydrogen atoms were calculated and refined as riding atoms. The data set was collected with a Bruker Kappa CCD detector diffractometer. Programs used: Data collection: APEX2 [23] ; cell refinement: SAINT [23] ; data reduction: SAINT [23] ; absorption correction: SADABS [24] , structure solution and refinement: SHELXS/L-97 [25] ; graphics: OR-TEP3 for windows [26] .
CCDC 933705 contains the supplementary crystallographic data for this paper. This data can be obtained free of charge from The Cambridge Crystallographic Data Center via www.ccdc.cam.ac.uk/data request/cif.
Computational studies
DFT and TDDFT calculations were run with GAUS-SIAN'09 [27] with default grids and convergence criteria.
The X-ray structure of compound 1 was partially optimized by DFT at the B3LYP/6-31G(d) level [28] by restraining the positions of all heavy atoms and optimizing only hydrogen atoms. This partial optimization is necessary because of the artificially short C-H and O-H bonds found in X-ray structure determinations. TDDFT calculations were run using several functionals (B3LYP, CAM-B3LYP, BH&HLYP) and basis sets (SVP, TZVP) [28] , leading to consistent results in all cases; only CAM-B3LYP/TZVP data are discussed in the text. ECD spectra were generated by applying a Gaussian band shape with 0.5 eV exponential half-width, using the program SPECDIS [29] . Dipole-length rotational strengths were employed to construct ECD spectra; the difference with dipole-velocity values was checked to be minimal for all relevant transitions.
Acetylcholinesterase assay
The acetylcholinesterase (AChE) inhibition activity was determined according to the method used by Ellman [30] with slight modifications. The percent inhibition was calculated by the help of following equation; Inhibition (%) = Control − Test × 100
Control
Butyrylcholinesterase assay
The butyrylcholinesterase (BChE) inhibition activity was determined according to the method used by Ellman [30] with slight modifications. The percent inhibition was calculated with the help of following equation; Inhibition (%) = Control − Test × 100
Control
IC 50 values (concentration at which there is 50 % enzyme inhibition) of compounds were calculated using the EZ-FIT Enzyme Kinetics software (Perella Scientific Inc., Amherst, MA, USA).
Lipoxygenase assay
Lipoxygenase (LOX) activity was assayed according to the reported method [31] , but with slight modifications. All reactions were performed in triplicates. Baicalein (0.5 mM well −1 ) was used as a positive control. The percentage inhibition was calculated by the formula given below; Inhibition (%) = Control − Test × 100 Control
